Background: Corin is a transmembrane protease containing 19 predicted N-glycosylation sites. Results: Corin mutants lacking individual N-glycosylation sites were studied for their biosynthesis and processing. Conclusion: N-Glycosylation at different sites plays distinct roles in preventing ectodomain shedding and promoting cell surface targeting and zymogen activation. Significance: The results are important for understanding how corin expression and activity are regulated.
natriuretic peptide (ANP), 3 which promotes sodium excretion and vessel relaxation, thereby reducing blood volume and pressure (6 -10) . Variants and mutations in the genes encoding corin and ANP have been found in patients with hypertension and heart disease (11) (12) (13) (14) (15) (16) (17) (18) (19) , supporting the importance of the corin and ANP pathway in maintaining normal blood pressure and cardiac function. Corin and ANP may also act locally in the pregnant uterus to promote trophoblast invasion and spiral artery remodeling (20 -23) , which are critical for regulating maternal blood pressure. Genetic mutations that impair corin function have been identified in patients with pregnancy-induced hypertension (21, 24) .
Human corin is a polypeptide of 1,042 amino acids, consisting of an N-terminal transmembrane domain and an extracellular region with two frizzled (Fz) domains, eight LDL receptor (LDLR) repeats, one scavenger receptor domain, and a C-terminal trypsin-like protease domain (2, 3) . The calculated mass for the full-length human corin is ϳ116 kDa (2, 3) . On Western blots, human corin expressed in HEK293 cells appeared as bands of ϳ170 -200 kDa (25, 26) . Human corin has 19 predicted N-glycosylation sites. N-Glycans attached to these sites may explain the difference between the calculated and the observed corin protein masses (2, 3) . In glycosidase digestion experiments, human corin was shown to contain abundant N-glycans but no detectable O-glycans or sialic acids (25) . N-Glycans also have been detected in mouse, rat, and dog corin proteins (25, (27) (28) (29) .
In cells, corin is synthesized as a one-chain zymogen with no detectable catalytic activity (1) . Upon reaching the cell surface, corin is converted to a two-chain active protease by cleavage at a conserved activation site. To date, the enzyme(s) responsible for corin activation remain poorly defined. It has been shown that a protein motif in the corin cytoplasmic tail facilitates intracellular trafficking and cell surface expression (26) . In addition, N-glycans have been found to be important in corin cell surface targeting and zymogen activation. In transfected HEK293 cells and cultured cardiomyocytes, blocking N-glycosylation by tunicamycin prevented corin expression and activation on the cell surface (25, 27) . Similar roles of N-glycosylation in regulating cell surface expression and zymogen activation have been reported in other type II transmembrane serine proteases, such as enteropeptidase (30) , matriptase (31) , and matriptase-2 (32) , which are involved in food digestion, epithelial function, and iron metabolism, respectively (33, 34) .
In this study, we tested the hypothesis that N-glycosylation at individual sites may have distinct roles in regulating biosynthesis and post-translational processing of corin. We generated corin mutants, in which each of the 19 predicted N-glycosylation sites was mutated individually. The mutants were expressed in HEK293 cells and HL-1 cardiomyocytes. The expressed corin proteins were analyzed by Western blotting, immunostaining, and flow cytometry. Our results indicate that N-glycans at individual sites have different roles in regulating corin cell membrane targeting, zymogen activation, and ectodomain shedding.
EXPERIMENTAL PROCEDURES
Cell Culture-HEK293 cells were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (FBS). Murine HL-1 cardiomyocytes were provided by William Claycomb (Louisiana State University) and cultured in Claycomb medium (Sigma) with 10% FBS and 4 mM L-glutamine, as described previously (26, 35) . The cells were cultured at 37°C in humidified incubators with 5% CO 2 and 95% air.
Plasmid Constructs-Plasmids for human wild-type (WT) corin, activation cleavage site mutant R801A, and active site mutant S985A were described previously (36) . Plasmids expressing corin mutants N80Q, N104Q, N135Q, N141Q, N231Q, N245Q, N251Q, N305Q, N320Q, N376Q, N413Q, N446Q, N451Q, N469Q, N567Q, N651Q, N697Q, N761Q, and N1022Q were generated by PCR-based mutagenesis using WT corin plasmid as a template. Additional plasmids were made to express corin mutants N77 (F77N/K78G/N80Q), N77c (F77N/ K78G/S79A/N80Q), N83 (N80Q/E83N/P84G/L85S), N83c (N80Q/E83N/P84G), N231Q/S985A, S903N, S903N/N1022Q, T963N/N1022Q, and S975N/N1022Q (see Figs. 5A, 6A, and 8A). All corin proteins expressed by these plasmids had a C-terminal V5 tag for protein detection.
Expression and Analysis of Corin Proteins-Plasmids were transfected into HEK293 and HL-1 cells using FuGENE (Promega) or Lipofectamine 2000 (Invitrogen). Conditioned medium was collected after 48 -60 h. Expressed corin proteins were immunoprecipitated using an anti-V5 antibody (Invitrogen). The cells were lysed in a buffer with 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40 (v/v), and a protease inhibitor mixture (1:100; Sigma). Protein samples were denatured in a buffer with (reducing) or without (non-reducing) 2.5% ␤-mercaptoethanol and separated by SDS-PAGE. A horseradish peroxidase-conjugated anti-V5 antibody was used to detect corin proteins on Western blots. X-ray films exposed to the Western blots were analyzed by densitometry, and the bands representing corin fragments were analyzed by the Quantity One software (Bio-Rad).
Immunostaining-HEK293 cells expressing corin proteins were cultured on glass slides in 8-well plates (Falcon, BD Bio-sciences) under the conditions described above. The cells were fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min and incubated with PBS with 1% bovine serum albumin for 30 min, followed with an anti-V5 antibody for 1 h. An Alexa Fluor 594-labeled donkey anti-mouse antibody (Invitrogen) was used as a secondary detection antibody. The slides were mounted in a medium with DAPI (Vector Laboratories). The stained cells were examined under a light microscope (Leica DM2500).
Pro-ANP Processing-Human pro-ANP was expressed in stably transfected HEK293 cells. The conditioned medium containing pro-ANP was collected and incubated with HEK293 cells expressing corin WT or mutants at 37°C for 30 min. Pro-ANP and ANP in the conditioned medium were immunoprecipitated and analyzed by SDS-PAGE and Western blotting, as described previously (26) .
Analysis of Cell Surface Proteins-HEK293 cells expressing corin were labeled with 200 M sulfo-NHS-SS-biotin (Pierce) in PBS at 4°C for 5 min. The reaction was stopped by adding 100 mM glycine. The cells were lysed and the lysate was incubated with NeutrAvidin agarose beads (Pierce) at room temperature for 2 h. The beads were washed three times with PBS and boiled in a sample buffer with 2.5% ␤-mercaptoethanol. The eluted proteins were analyzed by SDS-PAGE and Western blotting.
Flow Cytometry-Cell surface corin expression in intact cells was analyzed by flow cytometry (26) . Transfected HEK293 cells expressing corin were incubated with an anti-V5 antibody and an FITC-conjugated secondary antibody. Life-cell gating was performed with pyridinium iodide (Sigma). Data were collected with a flow cytometer (FACSCalibur, BD Biosciences) and analyzed by the CellQuest software.
Glycosidase Digestion-Cell lysates from HEK293 cells expressing corin proteins were prepared, denatured, and incubated in a buffer containing peptide-N-glycosidase F (Promega). After 2 h at 37°C, corin proteins were analyzed by SDS-PAGE and Western blotting.
Molecular Modeling-Three-dimensional models of the human corin Fz1 domain and the serine protease domain were created using a computer-based modeling program (SWISS-MODEL) (37) . The amino acid sequences of the human corin Fz1 and the protease domains were submitted to a fully automated server (SWISS-MODEL), which generated three-dimensional models based on crystal structures of homologous proteins. The model inspection and image generation were done with the PyMOL program (Schroedinger, LLC, New York), as described previously (24) .
Statistical Analysis-Analysis was performed with Prism software (GraphPad). Comparisons between two groups were done using Student's t test. Comparisons among three or more groups were done using analysis of variance followed by a post hoc analysis. A p value of Ͻ0.05 was considered to be statistically significant. ment (corin-p) migrated as an ϳ40 kDa band on Western blots under reducing conditions ( Fig. 1B, left) . Under non-reducing conditions, activated and zymogen corin molecules were indistinguishable ( Fig. 1B, right) . In the corin R801A mutant that lacked the activation site, the corin-p fragment was absent ( Fig.  1B, left) . Because corin is activated on the cell surface (26), the corin-p band serves as an indicator for corin cell surface targeting and activation.
To examine the importance of N-glycosylation at individual sites in corin biosynthesis and processing, we expressed corin mutants, in which each Asn at the 19 predicted N-glycosylation sites was mutated individually (Fig. 1A) . In transfected HEK293 cells, corin WT and mutant proteins were expressed at similar levels, as indicated by comparable intensities of the top corin bands (corin) on Western blots under reducing conditions (Fig.  1C ). The activated corin-p band was detected in each of the corin samples, although the levels were lower in mutants N80Q, N231Q, N697Q, and N1022Q (Fig. 1C ). The ratio of corin-p versus zymogen bands in N231Q, N697Q, and N1022Q mutants decreased to 53 Ϯ 9, 57 Ϯ 11, and 22 Ϯ 7% of WT, respectively (n ϭ 9, all p values Ͻ0.01 versus WT) ( Fig. 1D ). The ratio in mutant N80Q also decreased (71 Ϯ 8% of WT), but the reduction was not statistically significant ( Fig. 1D ). In mutant N1022Q, the corin-p band migrated faster than that in the other samples (Fig. 1C, right) because the fragment from the mutant lacked N-glycans, whereas the Asn-1022 N-glycosyla-tion site was preserved in the other mutants and WT corin. The results indicate that N-glycosylation at Asn-231, -697, and -1022, but not at the other sites, is important for corin cell surface expression and zymogen activation.
Corin Shedding in N-Glycosylation Site Mutants-It has been reported that activated corin undergoes proteolytic shedding, producing three fragments of ϳ180, ϳ160, and ϳ100 kDa, respectively (36) . The ϳ180-kDa fragment was shown to be cleaved by a disintegrin and metalloprotease-10 (ADAM10), whereas the ϳ160and ϳ100-kDa fragments were produced by corin autocleavage (36) ( Fig. 2A) .
We examined corin fragments in the conditioned medium from the transfected cells. Consistent with the previous finding (36) , three bands of ϳ180, ϳ160, and ϳ100 kDa were detected in WT samples, whereas only the ϳ180 kDa band was detected in mutant R801A that was catalytically inactive (Fig. 2B ). In mutant N80Q, the level of the ϳ180 kDa band increased significantly (486 Ϯ 39% of WT, n ϭ 6, p Ͻ 0.01) ( Fig. 2, C and D) . In mutant N231Q, the level of the ϳ160 kDa band, but not that of the ϳ180 or ϳ100 kDa band, increased (159 Ϯ 14% of WT, n ϭ 6, p Ͻ 0.05) (Fig. 2, C and E) . In contrast, in N697Q and N1022Q mutants, levels of all three bands decreased (30 Ϯ 6% of WT for N697Q, p Ͻ 0.05; 20 Ϯ 5% of WT for N1022Q, p Ͻ 0.01; n ϭ 6) ( Fig. 2, C and F) . The results indicate that N-glycans at Asn-80, -231, -697, and -1022 may alter corin ectodomain shedding and/or cell surface expression. (2) (3) (4) . We also expressed and analyzed the corin mutants in HL-1 cardiomyocytes. Western blotting analysis showed reduced corin zymogen activation in N80Q, N231Q, N697Q, and N1022Q mutants (Fig. 3A, top) . The ratio of corin-p versus zymogen bands in these mutants was 60 Ϯ 9, 55 Ϯ 18, 57 Ϯ 7, and 19 Ϯ 7% of WT, respectively (n ϭ 5, all p values Ͻ0.01 versus WT) ( Fig. 3B ).
Analysis of Corin Mutants in HL-1 Cells-Corin is expressed primarily in cardiomyocytes
In the conditioned medium from the transfected HL-1 cells, the level of the ϳ180 kDa band increased in N80Q mutant (432 Ϯ 27% of WT, n ϭ 3, p Ͻ 0.01), whereas the level of the ϳ160 kDa band increased in N231Q mutant (201 Ϯ 38% of WT, n ϭ 3, p Ͻ 0.01) ( Fig. 3, A (bottom) , C, and D). In contrast, levels of all three bands decreased in N687Q and N1022Q mutants (31 Ϯ 11 and 25 Ϯ 5% of WT, respectively; n ϭ 3; both p values Ͻ0.01) ( Fig. 3 , A (bottom) and E). These results are consistent with the findings from the transfected HEK293 cells.
Pro-ANP Processing Activity-We next examined the activity of the corin mutants. In a pro-ANP processing assay, reduced activities were observed in N231Q, N697Q, and N1022Q mutants (54 Ϯ 7, 61 Ϯ 8, and 42 Ϯ 13% of WT, respectively; n ϭ 7; p Ͻ 0.05 for N697Q; p Ͻ 0.01 for N231Q and N1022Q versus WT) ( Fig. 4, A and B) . The activity of N80Q, N567Q, and N761Q mutants was not statistically different from that of WT (n ϭ 7, p values Ͼ0.05), although the activity of N80Q mutant appeared to be lower. As a negative control, R801A mutant had little activity in this assay (Fig. 4A) .
N-Glycosylation at Asn-80 Protected Corin from ADAM-mediated Shedding-The high level of the ϳ180-kDa fragment, which was cleaved by ADAM10 (36), in N80Q mutant sug-gested that N-glycans at Asn-80 may protect corin from proteolytic shedding at this site. To verify this hypothesis, we designed two additional mutants, N77 and N83, in which the N-glycosylation site at residue 80 was abolished and a new site was created at residue 77 or 83 ( Fig. 5A ). Two respective control mutants, N77c and N83c, also were made, in which Asn residue 77 or 83 was not followed by the consensus N-glycosylation site sequence (NX(S/T), where X can be any amino acid but Pro) ( Fig. 5A) .
In Western analysis, WT and mutant corin levels in the transfected HEK293 cells were similar (Fig. 5B, bottom) . In the conditioned medium, levels of the ϳ180-kDa band in N77 and N83 mutants were similar to that in WT (93 Ϯ 26 and 120 Ϯ 38% of WT, respectively; n ϭ 6; p values Ͼ0.05). In N80Q mutant and two additional control mutants, N77c and N83c, the levels of this band were higher (426 Ϯ 41, 469 Ϯ 56, and 407 Ϯ 15% of WT, respectively; n ϭ 6; all p values Ͻ0.01) (Fig.  5, B and C) , indicating that N-glycans at or near residue 80 may protect corin from proteolytic shedding in the juxtamembrane domain.
N-Glycosylation at Asn-231 Protected Corin from Autocleavage in the Fz1 Domain-As reported previously, the ϳ160-kDa fragment was from corin autocleavage at residue Arg-164 in the Fz1 domain (36) . The high level of the ϳ160 kDa band from N231Q mutant (Fig. 2, C and E) suggested that N-glycans at Asn-231 may block corin autocleavage in the Fz1 domain (Fig.  6A) . To understand the spatial position of Arg-164 and Asn-231 in the Fz1 domain, we created a computer-based three-dimensional model, which showed that Arg-164 and Asn-231 were surface-exposed and located at a distance of ϳ30 Å apart (Fig. 6B). To test whether the increased level of the ϳ160 kDa band in the N231Q mutant was due to enhanced corin autocleavage, we made a double mutant, N231Q/S985A (Fig. 6A) , which was catalytically inactive. In Western analysis, the ϳ160 kDa band was not detected in the conditioned medium from S985A and N231Q/S985A mutants (Fig. 6C, left) , indicating the enhanced autocleavage in N231Q mutant. In Western analysis of biotinlabeled cell surface proteins, levels of corin zymogen and the corin-p bands were lower in N231Q mutant than in WT ( Fig. 6 , C (middle) and D). Consistently, the level of the corin-p band also was lower in N231Q mutant cell lysate compared with that in lysates from WT and mutants S985A and N231A/S985A ( Fig. 6, C (right) and E). In contrast, corin zymogen bands in cell lysates, which represented mostly intracellular corin molecules, appeared at similar levels in WT and the mutants. The results indicate that abolishing the N-glycosylation site at Asn-231 increased autocleavage in the Fz1 domain, thereby reducing the corin level on the cell surface.
Reduced Cell Surface Expression of N231Q, N697Q, and N1022Q Mutants-We immunostained cell surface corin in the transfected HEK293 cells. Under membrane non-permeable conditions, positive surface staining was detected in the cells expressing WT and mutants N231Q, N697Q, and N1022Q (Fig.  7A) . The staining appeared stronger in the cells expressing WT than in the mutants. To verify this result quantitatively, cell surface proteins were biotin-labeled and analyzed by Western blotting. Levels of cell surface corin in N231Q, N697Q, and N1022Q mutants were significantly lower at 58 Ϯ 10, 64 Ϯ 9, and 27 Ϯ 8% of WT, respectively (Fig. 7, B and C) . In controls, total corin levels were similar in all lysate samples (Fig. 7B,  bottom) . In flow cytometric analysis with intact cells, surface corin-positive cells were fewer in number in N231Q, N697Q, and N1022Q plasmid-transfected HEK293 cells compared with in WT controls (40.6 Ϯ 5.7, 39.3 Ϯ 7.3, and 30.2 Ϯ 8.0%, respec-tively, versus 47.5 Ϯ 5.9% in WT; n Ն 8; all p values Ͻ0.05) (Fig.  7D) . These results show that N231Q, N697Q, and N1022Q mutant corin levels were reduced on the surface of the transfected HEK293 cells.
Importance of N-Glycosylation Site Locations in the Corin Protease Domain-In the human corin protease domain, Asn-1022 is the only predicted N-glycosylation site (Fig. 8A) . The reduced N1022Q mutant levels on the cell surface and in the conditioned medium suggest that N-glycans in this domain are important for cell surface targeting. In rat and mouse corin proteins, the protease domain has two N-glycosylation sites: one corresponding to Ser-903 and the other to Asn-1022 in human corin (Fig. 8A) (38) . To understand the spatial position of these two sites, we generated a three-dimensional model of the corin protease domain, which shows that Ser-903 and Asn-1022 residues are located in separated surface loops (Fig. 8B ). To test whether N-glycosylation at either residue 903 or 1022 is sufficient for cell surface targeting, we made S903N/N1022Q and S903N mutants (Fig. 8A) . In lysates from the transfected cells, levels of the corin-p band were similar in WT, S903N/ N1022Q, and S903N mutants (Fig. 8C, left) . This band in the S903N/N1022Q mutant migrated more slowly than that in the N1022Q mutant (lacking N-glycans) but similarly to that in WT. The band in S903N mutant migrated more slowly than that in WT and S903N/N1002Q mutant, probably due to more abundant N-glycans at both the 903 and 1022 sites. Consistently, similar migration patterns of this band were observed in WT and the mutants after glycosidase digestion (Fig. 8C, right) . The results indicate that N-glycosylation at either residue 903 or 1022 is sufficient for efficient cell surface targeting and zymogen activation of corin in HEK293 cells.
These results led to the hypothesis that the role of N-glycosylation in promoting corin cell surface expression and zymogen activation may not be site-specific in the protease domain. To test this hypothesis, we designed two additional mutants, T963N/N1022Q and S975N/N1022Q, in which new N-glycosylation sites are created in different surface loops of the corin protease domain (Fig. 8B) . T963N corresponds to an N-glycosylation site in some membrane-bound serine proteases, such as enteropeptidase (39) and spinesin (40) , and S975N is in a separate surface loop (Fig. 8, A and B) . In Western blotting analysis, the corin-p bands from WT and S975N/N1022Q mutant migrated similarly, whereas the band from T963N/ N1022Q mutant migrated more slowly (Fig. 8D, left) . The intensity of the band from the T963N/N1022Q mutant was stronger than that of WT, whereas that of the S975N/N1022Q mutant was weaker. After glycosidase digestion, the corin-p bands from WT and the mutants all migrated faster, suggesting that T963N/N1022Q and S975N/N1022Q mutants contained N-glycans in their protease domains and that the T963N/ N1022Q mutant had more abundant N-glycans than did the S975N/N1022Q mutant. These results indicate that alternative N-glycosylation sites may be created in the corin protease domain to promote cell surface targeting and zymogen activation.
DISCUSSION
N-Glycosylation is a major post-translational modification that regulates protein folding, stability, intracellular trafficking, and protein-protein interactions (41) (42) (43) . N-Glycans also promote membrane protein sorting in cells (44 -47) . Human corin has 19 predicted N-glycosylation sites (2), most of which are evolutionarily conserved, indicating their functional importance. Previously, we and others found that N-glycans were required for corin cell surface expression and activation (25) (26) (27) . It was unknown, however, how N-glycans at different sites might regulate corin biosynthesis and processing. Here, we analyzed corin mutants, in which N-glycosylation sites were mutated individually. We found that removing each of the 19 N-glycosylation sites did not affect corin protein synthesis in the transfected HEK293 cells. Our results, however, revealed distinct roles of N-glycosylation at different corin sites in promoting cell surface expression and preventing ectodomain shedding.
We found that N-glycosylation at Asn-80 inhibited corin shedding in the juxtamembrane domain. Abolishing this site increased the shedding of the ϳ180-kDa fragment (Figs. 2, 3 , and 5). Previously, we showed that this fragment was cleaved by ADAM10 and that the cleavage was not sequence-specific (36) , consistent with the notoriously poor substrate sequence specificity of ADAMs (48 -50) . We now show that the protective effect of N-glycosylation in this region is not position-dependent because N-glycosylation at residue 77, 80, or 83 had a similar protective effect (Fig. 5 ). In controls, no such protective effect was observed in mutants N77c and N83c, in which Asn at positions 77 and 83 was not followed by the N-glycosylation consensus sequence, suggesting that the protective effect in the N77 and N83 mutants was probably due to N-glycosylation but not the Asn residue change. These results indicate that the presence of N-glycans near the cell membrane is probably sufficient to create a barrier to block the ADAM10-mediated shedding. Alternatively, N-glycans in this region of corin may lead to a particular conformation that is unfavorable for ADAM10 recognition.
In addition to the ADAM10-mediated cleavage in the juxtamembrane domain, corin undergoes autocleavage in the Fz1 domain and LDLR5 repeat, producing fragments of ϳ160 and ϳ100 kDa, respectively (36) . High levels of the ϳ160 kDa band in the conditioned medium from N231Q mutant (Figs. 2, 3 , and 6) indicated that abolishing N-glycosylation at Asn-231 enhanced autocleavage in the Fz1 domain. Consistently, the band was not detected in the double mutant N231Q/S985A that lacked the catalytic activity (Fig. 6C) . The autocleavage reduced N231Q mutant expression on the cell surface ( Figs. 6  and 7 ). In the Fz1 domain, the Arg-164 residue has been identified as the autocleavage site (36) . In a three-dimensional model based on the mouse Fz8 crystal structure (51) , the distance between Asn-231 and Arg-164 was ϳ30 Å (Fig. 6B ). It is unclear how N-glycosylation at Asn-231 may inhibit autocleavage at Arg-164 because a direct protection of Arg-164 by N-glycans on Asn-231 seems less likely. A possible explanation is that the presence of N-glycans on Asn-231 may reduce the flexibility of the Fz1 domain, thereby keeping a conformation unfavorable for autocleavage at Arg-164. In addition to Arg-164 in the Fz1 domain, Arg-427 in the LDLR5 repeat was identified as another autocleavage site, producing the ϳ100-kDa fragment (36) . In this study, we did not observe an increased level of the ϳ100 kDa band in the conditioned medium from N446Q mutant ( Fig.  2A) , indicating that N-glycans at Asn-446 have little effect on autocleavage at the Arg-427 residue.
In N697Q and N1022Q mutants, soluble corin levels in the conditioned medium were low (Fig. 2) . The reduction was not caused by impaired shedding, because mutant protein levels also were low on the cell surface ( Fig. 7 ), suggesting that the reduction was probably caused by poor intracellular trafficking. These data indicate that N-glycans in the scavenger receptor and the protease domains may act as cell membrane sorting signals, facilitating corin cell surface expression. The finding of low N1022Q mutant expression on the cell surface is consistent with the previous studies with rat corin, in which removing two N-glycosylation sites, Asn-968 and Asn-1087, in the protease domain reduced corin cell surface expression and zymogen activation (25) . Residues Asn-968 and Asn-1087 in rat corin correspond to Ser-903 and Asn-1022, respectively, in human corin (2, 38) . We found that N-glycosylation at either position 903 or 1022 was sufficient for human corin zymogen activation ( Fig. 8) .
To test the importance of N-glycosylation site location in the protease domain in corin zymogen activation, we analyzed corin mutants with alternative N-glycosylation sites in the protease domain. We found that the newly created N-glycosylation site at position 963, corresponding to an N-glycosylation site in other trypsin-like proteases, such as enteropeptidase (39), spinesin (40) , and HAT-like 5 (52) , or at position 975 in a separate surface loop, also promoted corin zymogen activation (Fig. 8) .
The results indicate that N-glycosylation at Asn-1022 in the human corin protease domain may not have an advantage over the other possible sites. At this time, specific roles of N-glycans in the scavenger receptor and the protease domains of corin in facilitating intracellular trafficking and membrane targeting remain unknown. One possibility is that N-glycans in the C-terminal region of corin may act as sorting signals or binding elements for efficient trafficking to the cell membrane. Previously, N-glycosylation sites in the C-terminal protease domain of enteropeptidase (30) and matriptase (31) were shown to be critical for apical sorting and zymogen activation. Our results suggest that a similar N-glycan-mediated cell surface targeting mechanism may apply to the other type II transmembrane serine proteases that are involved in a variety of biological processes and diseases (33, 53, 54) . In functional studies, we showed that N80Q, N231Q, N687Q, and N1022Q mutants had reduced pro-ANP processing activity (Fig. 4) . In principle, naturally occurring mutations that abolish N-glycosylation sites may occur in corin. Such mutations may impair the biosynthesis and function of corin and inhibit the ANP signaling pathway, which may contribute to hypertension and heart disease in patients.
